We have developed a new procedure for fabricating interdigitated array gold electrodes (Au-IDA) modified with reduced graphene oxide (rGO). In this procedure, we coated the gold surface of the micrometer order electrodes with graphene oxide (GO) prior to the reduction and the lift-off processes to avoid short-circuiting the pair of electrodes by conductive rGO flakes after the reduction. We then studied the basic electrochemical activity of the prepared electrodes, rGO/Au-IDA, mainly on p-aminophenol (pAP), because pAP is a good probe for an electrochemical immunoassay. The voltammograms showed that denser rGO provides better electrode reactivity for pAP. We confirmed that redox cycling between the anode and cathode at the rGO/Au-IDA was established, which yields more sensitive detection than with a single electrode. As one application of the electrochemical immunoassay using the rGO/Au-IDA, we demonstrated the quantitative detection of cortisol, a stress marker, at levels found in human saliva.
Introduction
Graphene has attracted a great deal of interest due to its noteworthy physical and chemical properties, such as its unique conductivity and good chemical stability. These properties have many potential applications in electrochemical sensors and biological assays. 1, 2 Graphene oxide (GO), a partially oxidized graphene, is an atomically thin two-dimensional sheet that contains nanometer scale graphene-like sp 2 domains in an amorphous carbon structure. Reducing GO restores the sp 2 domains to a certain degree and enables us to obtain an electrically conductive reduced GO (rGO). 3 Chemical reduction conducted by exposing GO to hydrazine vapor is a common method of obtaining rGO. Although rGO still has defects and oxygen functional groups, it is widely used as an easy and economical way to obtain a graphene-like structure. Moreover, GO is a water-dispersive material and this allows for its use in conventional solution processing techniques. Due to these great advantages, surface modification with GO/rGO is easily applied to many different materials. Recently, glassy carbon (GC), [4] [5] [6] [7] pyrolytic graphite, 8 gold, 9, 10 and indium tin oxide (ITO) 11 electrodes have been prepared with rGO-modified surfaces and their electrochemical properties were characterized. Functionalized materials based on rGO, such as Pt-nanoparticle hybridized rGO, 12 gold nanoparticle deposited rGO, 7 and nitrogen doped rGO, 13 have also been developed to modify electrodes and improve their electrochemical responses. Biosensor applications have been also reported for the above rGO-modified electrodes. For example, rGO-modified GC electrodes exhibit better sensitivity to dopamine and serotonin than a GC electrode modified with single-walled carbon nanotubes due to the high negative surface charge of rGO. 4 Microelectrodes provide excellent performance, which is highly dependent on the structure of the microelectrodes, compared with conventional electrodes. Their significant merits are a high current density as a result of hemisphere diffusion, small sample volumes, and ease of realizing sensor arrays. 14 Microelectrodes with rGO-modified surfaces are expected to exhibit good electrochemical properties. The fabrication and electrochemical characterization of rGO-modified ITO microdisk electrode arrays has been reported. 11 However, as yet, there have been no reports concerning the preparation, electrochemical characterization, and potential electrochemical applications of rGO-modified IDAs. This is probably due to the difficulty in achieving fabrication without short-circuiting a pair of working electrodes by conductive rGO flakes.
In this study, we successfully fabricated an rGO-modified gold IDA (rGO/Au-IDA) by using our newly developed procedure. Here, the IDA electrode pattern is of micrometer order (electrode width of 10 or 2 μm, with a gap between two working electrodes of 5 or 2 μm, respectively). In order to avoid short-circuiting a pair of working electrodes by conductive rGO flakes, we coated the gold electrode surface with water-dispersive GO of a few hundred nm in size prior to the reduction of GO and the lift-off process. Characterization of rGO/Au-IDA revealed that only the gold surface of a pair of electrodes was modified by rGO and the gap between the electrodes was free of rGO. We then studied the basic electrochemical activity of the prepared rGO/Au-IDA electrodes, mainly on p-aminophenol (pAP), because pAP is a good probe for an electrochemical immunoassay. 15 As one application of an electrochemical immunoassay using an rGO/Au-IDA, we demonstrated the quantitative detection of cortisol, a hormone related to stress, at levels found in human saliva (1 -8 ng/mL). 16 
Experimental

Reagents and chemicals
The natural graphite was given to us by Ito Kokuen Co., Inc. Aqueous hydrazine solution (35 wt%) and 0.05 M carbonatebicarbonate buffer (pH 9.6) were purchased from Sigma Aldrich. Aqueous ammonia solution (28 wt%), potassium ferricyanide, pAP, potassium chloride, and potassium hydrogen phosphate were obtained from Kanto Chemical Co., Inc. Superior quality pure water was used in all the aqueous solution preparation and washing processes.
Apparatus
Cyclic voltammetry (CV) and amperometric experiments were carried out on an ALS/CHI 900 electrochemical analyzer (CH Instruments, Inc.). The electrochemical impedance spectroscopy (EIS) experiments were performed using an ALS/CHI 660B (CH Instruments, Inc.). An Ag/AgCl (3 M NaCl) electrode (BAS, Inc.) and a platinum wire were used as reference and counter electrodes for the [Fe(CN)6] 3-/4-measurements, respectively. A gold reference electrode with Ag paste (DOTITE D-500, Fujikurakasei, Co., Ltd.) and a gold counter electrode formed on the Au-IDA chip were used for pAP measurements and an electrochemical immunoassay. A Raman microprobe system (inVia Reflex/StreamLine microRaman spectrometer, Renishaw), using a CCD and an InGaAs array detector, was used for 2D Raman image measurement. The excitation light source was 532 nm lines of a laser-diode continuous-wave laser. The maximum laser power focused on the sample with an objective lens (×50, NA 0.55) was about 35 mW (532 nm) for all the measurements. The step size for collecting spectral images was <2 μm. We performed all the measurements at room temperature.
Electrochemical immunoassay based on competitive enzyme-linked immunosorbant assay (cELISA)
A 200-μL volume of mouse cortisol monochronal antibodies (clone XM210 AbCam, 35 μg/mL) was diluted to 2.5 μg/mL in a 0.05 M carbonate-bicarbonate buffer, and was dispensed into the wells of a polystyrene microtiter plate (MaxiSorp, NUNC). After the wells had been stored for 60 min at 37 C, they were The plate was incubated for 60 min at 37 C and then rinsed three times with the washing solution. This was followed by the addition of 200 μL of 2.5 mM 4-aminophenyl phosphate monosodium salt (pAPP, LKT Labs) solution prepared with a 0.05 M carbonate-bicarbonate buffer to the wells, and the plate was incubated for 15 min at room temperature to form pAP. The final pAP concentration depends on the amount of cortisol-ALP adsorbed on cortisol monochronal antibodies, as a result of competitive adsorption between cortisol derived from the sample solution. Thus, the final pAP concentration was also related to the cortisol concentration in the sample solution. The reacted solution containing pAP was immediately introduced to a 1 mm-wide-polydimethylsiloxane (PDMS) channel mounted on an rGO/Au-IDA by using a syringe pump operating at 5 μL/min. The amperometric response over time obtained for the oxidation of pAP on the anode of the rGO/Au-IDA was measured in the dual mode. The potential levels of the anode and cathode were set at 0.2 and -0.3 V vs. Ag, respectively. In other words, the potentials were much more positive and negative, respectively, than the anodic and cathodic peak potentials.
Results and Discussion
Fabrication of rGO/Au-IDA electrode Scheme 1 shows our newly developed procedure for fabricating an rGO/Au-IDA. We first obtained colloidal suspensions of GO by the chemical oxidation of graphite powder using a previously reported modified Hummers method. 3, 17 The obtained brown suspension was treated ultrasonically to break large GO flakes with a size of a few μm into small flakes with a size of a few hundred nm, that is, smaller than the electrode gap (5 or 2 μm). The size of the GO flakes was estimated from atomic force Scheme 1 rGO/Au-IDA fabrication procedure. rGO after hydrazine treatment and electroreduction are indicated as rGO (hyd) and rGO (e-red), respectively. microscope (AFM) images (Fig. S1 (Supporting Information)) . Next, the 4 inch-diameter, 0.5 mm-thick quartz wafer was coated with a 0.5 μm-thick photoresist layer and pre-baked at 80 C for 60 min (Step 1). The IDA pattern was exposed and developed on the wafer (Steps 2 and 3). A 10 nm-thick titanium layer, followed by a 100 nm-thick gold layer were deposited by spattering (Step 4). After cutting the wafer into individual electrode chips, we treated the gold surface with argon plasma to remove organic and oxide contamination. We then coated the gold surface of the electrode with the colloidal suspensions of GO (Step 5). Conductive rGO was formed by exposing the GO flakes to hydrazine/ammonium vapor (aqueous hydrazine solution 35 wt%:aqueous ammonium solution 28 wt% = 7:1) at 95 C for 30 min (Step 6). The IDA pattern was defined by using ultrasonic treatment in acetone or ethanol to lift off the resist (Step 7). A merit of using Au as a substrate is that a micro pattern can be formed by an easy lift-off process. Micro patterning of GC and ITO electrodes usually requires a photo etching process, which accompanies resist processing, and thus patterning without damaging the modified rGO layer is rather difficult. The final gap between pairs of electrodes and the width of the electrodes were 5 and 10 μm in static measurements, and 2 and 2 μm in fluidic measurements, respectively. To increase the degree of rGO reduction, we used an electroreduction process where we applied a constant potential of -0.8 V vs. Ag/AgCl to the rGO modified electrode for 600 s in 0.1 M KH2PO4 (pH 4.3) (Step 8). 18 We fabricated rGO/Au-IDA electrodes (electrode gap, width, and length: 5 μm, 10 μm, and 2 mm, respectively, surface area: 1.3 × 10 -2 cm 2 /electrode) by using two different GO dispersion concentrations. The absorbance at 400 nm was about 1.5 and 0.8 for high and low GO dispersion concentrations, respectively. We indicate the electrodes obtained with high and low concentrations of GO dispersion as rGO/Au-IDA-H and L, respectively. For fluidic measurements, we fabricated a smaller rGO/Au-IDA pattern (electrode gap, width, and length: 2 μm, 2 μm, and 1 mm, respectively, surface area: 2.5 × 10 -3 cm 2 /electrode) by using a high GO dispersion concentration. Figure 1 (a) shows a microscope image of rGO/Au-IDA-L. It shows a stripe pattern of IDA without any visible lump of impurities that bridge the small gap of electrodes. Figure 1(b) shows the Raman spectra of the gold electrode surface of rGO/Au-IDA-L and H. The G and D bands at about 1590 and 1355 cm -1 , respectively, were observed. 19 The D/G ratio, which reflects the degree of the reduction, 19 was 1.42 for both rGO/Au-IDA-L and H. The results indicate that the degree of reduction was almost the same for both electrodes. Figures 1(c)  and 1(d) show the 2D Raman images of rGO/Au-IDA-L and H in the G band. The results showed the successful formation of an rGO layer only on the gold surface of the electrodes, and the gap between the electrodes was free of rGO. We then averaged the Raman intensity of the G band in the 2D image by using more than 2000 measurement points, and estimated the density of the rGO on the surface of the electrodes. The average G band intensity of rGO/Au-IDA-H was about 22% larger than that of rGO/Au-IDA-L, showing that the rGO becomes denser when we use a higher concentration of GO dispersion.
Characterization of rGO/Au-IDA
We also characterized the elemental composition and chemical bonding of GO by using an X-ray photoelectron spectroscopy (XPS) analysis, before and after each reduction step (Figs. S2(a) and 2(b) (Supporting Information)). We employed the two-step reduction process shown as 6 and 8 in Scheme 1, which were conducted before and after the lift-off process, respectively. The XPS spectra showed that the sp 2 carbon peak increases due to the restoration of the sp 2 lattice, and the oxygen functional groups (-COH and -COOH) decrease as a result of the two-step reduction. The atomic concentration calculated by using XPS spectra showed that the carbon and oxygen concentrations of GO were relatively increased and decreased, respectively, by the reduction (Table S1 (Supporting Information)). The change was less than 2 points after hydrazine treatment, whereas the change reached about 10 points after electroreduction. The results show that most of the oxygen-containing groups were successfully removed by the two-step reduction of GO. Employing the two-step reduction in our procedure provides a great merit. At the first reduction step, we formed the rGO layer fixed on the gold electrode surface, which endures in the following lift-off process, by converting the GO into hydrophobic and water-nondispersive rGO. At the second reduction step, we can increase the degree of rGO reduction to beyond the hydrazine treatment level, as shown by the results of XPS analysis.
Electrochemical properties of rGO/Au-IDA
We studied the electrochemical properties of pAP and [Fe(CN)6] 3-/4-at the fabricated rGO/Au-IDA-L and H electrodes. To keep the surface of the electrode clean, we fabricated independent rGO/Au-IDA-L and H sets for the pAP and [Fe(CN)6] 3-/4-measurements, respectively. We first conducted a CV measurement in a single mode, by cycling the potential of one finger set in the IDA (anode) without potentiostating the other finger set (cathode). The CV shows a pair of well-defined and peak-shaped redox waves for two redox species, indicating that the redox couple at the rGO-modified electrodes was 3-/4-measurements. The behavior is characteristic of IDA, indicating that the redox cycle was established between the anode and cathode for these species at the rGO-modified electrodes (Figs. 2(b) and 2(d) ). Redox cycling boosts detection sensitivity by about 2. 3-/4-measurements are basically the same, the opposite results could be explained by the difference in the electrochemical interaction between the redox species and the rGO surface.
We thus characterized the electrochemical properties of the electrodes by using EIS (Figs. 3(a) and 3(b) ). In the Nyquist plot with rGO/Au-IDA-H, a semicircle and a liner slope was observed in both pAP and [Fe(CN)6] 3-/4-solutions, at the low and high impedance region, respectively, indicating that the electrochemical process is controlled by both charge-transfer and diffusion. The charge transfer resistance, measured as the diameter of the semicircle in the Nyquist plots, was larger with rGO/Au-IDA-H than with rGO/Au-IDA-L for [Fe(CN)6] 3-/4-. The result indicated that the denser rGO on the surface of the . For pAP, although the shape of the semicircle was rather unclear, the denser rGO on the surface of the electrode also slows the electron transfer because the anodic peak in CV with denser rGO was shifted to the high potential. The result indicates that the charge transfer resistance was larger with rGO/Au-IDA-H than with rGO/Au-IDA-L for pAP, as was the case for [Fe(CN)6] 3-/4-. Adsorption to the surface of the electrode is also important. It has been reported that dopamine requires adsorption to the sp 2 -like domains via strong π-π interaction to realize electron transfer. 20 Because pAP has a similar structure to dopamine, namely, a phenyl ring, -NH2, and -OH groups, pAP likely requires a similar adsorption step to establish electron transfer. It is possible that an electrode with denser rGO has a greater sp 2 surface area to provide the large current in CV for pAP. Measurements of other redox species will help us to understand the reaction mechanism on the rGO-modified electrodes in detail.
Next, we measured the concentration dependence of the peak current for pAP detection. We used rGO/Au-IDA-H in a dual mode measurement condition because it provides the most sensitive electrochemical response to pAP in our study described in the previous paragraph. Figure 4 shows a plot of an anodic limiting current at a dual mode CV vs. the pAP concentration and a linear fitting result. A linear dependence was found in the 0 to 500 μM concentration region. The sensitivity was 7.0 × 10 -1 μA/μM/cm 2 . The collection efficiency, defined by the ratio between the anodic and cathodic limiting currents, was about 0.9 in this concentration region. The results confirmed that we can use the rGO/Au-IDA for further applications such as an electrochemical immunoassay, which is based on the quantitative detection of pAP.
Cortisol detection by electrochemical immunoassay using rGO/Au-IDA
We undertook the quantitative detection of cortisol with an electrochemical immunoassay using an rGO/Au-IDA. We used the rGO/Au-IDA with both gap and width of 2 μm, because the collection efficiency and sensitivity in IDA improved by using electrodes with a smaller gap and width. 21 We also performed a fluidic measurement to increase sensitivity by mounting a PDMS channel on the electrodes. Figure 5(a) shows the amperometric response of pAP in the reacted solution at the rGO/Au-IDA anode measured in the dual mode. The current increased steeply when the reacted solution was flowing in the microchannel and reached a constant level within a minute. It then decreased smoothly to the reference level when we replaced the reacted solution with buffer solution. The current response reaches the maximum at the cortisol concentration of zero because the quantitative detection system we employed is on the basis of competitive ELISA. Figure 5 (b) plots the average current response obtained from Fig. 5(a) over the cortisol concentration range. An exponential dependence was observed in the 0 to 20 ng/mL concentration region. The change in the current by cortisol concentration, which indicates the sensitivity of the detection system, is especially high under 10 ng/mL concentration region.
The results demonstrate that an electrochemical immunoassay using rGO/Au-IDA has a useful cortisol detection range at the levels present in human saliva (1 to 8 ng/mL), indicating that rGO/Au-IDA has broad prospects for application in biosensing.
Conclusions
We developed a new procedure for fabricating an rGO/Au-IDA that enabled us to form an rGO layer only on the surface of gold electrodes, and to keep the gaps between the electrodes free of rGO. The CVs obtained with single and dual mode measurements showed that the higher density of rGO provides better electrode reactivity for pAP. However, the result was the opposite of that obtained with [Fe(CN)6] 3-/4-. An EIS analysis described that the different behavior depending on the redox species is assigned to the electrochemical interaction between the redox species and the rGO surface. We confirmed that a redox cycle was established between the anode and cathode at the rGO/Au-IDA, which allowed for more sensitive detection than with a single electrode. A calibration plot of pAP showed a linear dependence in the 0 to 500 μM concentration region, indicating that we can use the rGO/Au-IDA for further applications such as an electrochemical immunoassay, which is based on quantitative detection of pAP. A possible application of the rGO/Au-IDA was demonstrated by the successful quantitative detection of cortisol at levels found in human saliva. Table S1 , Figs. S1 and S2 are included in the Supporting Information, which can be found free of charge online at http:// www.jsac.or.jp/analsci/.
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